
$QDO\WLFDO 3UHGLFWLRQ RI )ULFWLRQ )DFWRUV DQG +HDW 7UDQVIHU &RHpFLHQWV RI

7XUEXOHQW )RUFHG &RQYHFWLRQ LQ 5RG %XQGOHV ZLWK 6XUIDFH 5RXJKQHVV

-LDQ 6X\� 0LOD 5� $YHOLQR[ DQG $WLOD 3� 6LOYD )UHLUH[

\1XFOHDU (QJLQHHULQJ 3URJUDP �3(1�&233(�8)5-��

&�3� ������ ��������� � 5LR GH -DQHLUR � %UD]LO�

[0HFKDQLFDO (QJLQHHULQJ 3URJUDP �3(0�&233(�8)5-��

&�3� ������ ��������� � 5LR GH -DQHLUR � %UD]LO�

$EVWUDFW� ,Q WKH SUHVHQW ZRUN� D VLPSOH DQDO\WLFDO PHWKRG LV GHYHORSHG IRU WKH SUHGLFWLRQ

RI WKH IULFWLRQ IDFWRU� I � DQG RI WKH KHDW WUDQVIHU FRHpFLHQW� &K� IRU WXUEXOHQW oRZV EHWZHHQ

URGV DUUDQJHG LQ KH[DJRQDO RU VTXDUH DUUD\V� 7KH FDVHV RI oRZ RYHU D VPRRWK VXUIDFH DQG

RYHU D URXJK VXUIDFH DUH VWXGLHG� 'LmHUHQW IRUPV RI WKH ODZ RI WKH ZDOO IRU WKH YHORFLW\

DQG WKH WHPSHUDWXUH nHOGV DUH LQWHJUDWHG RYHU WKH ZKROH oRZ UHJLRQ WR UHVXOW LQ DOJHEUDLF

HTXDWLRQV IRU WKH GHWHUPLQDWLRQ RI I DQG RI &K� 7KH PHWKRG LV DSSOLHG WR DUUDQJHPHQWV

ZLWK 3 ' � ����

.H\ ZRUGV� 5RG EXQGOH� WXUEXOHQW oRZ� IULFWLRQ IDFWRU� KHDW WUDQVIHU FRHpFLHQW� VXUIDFH

URXJKQHVV�

�� ,1752'8&7,21

7KH oRZ LQ FKDQQHOV GHnQHG E\ DQ H[WHUQDO WXEH DQG E\ DQ LQWHUQDO JURXS RI URGV

DUUDQJHG LQ WKH IRUP RI VTXDUHV RU KH[DJRQV KDV PDQ\ DSSOLFDWLRQV LQ HQJLQHHULQJ� 7KLV

JHRPHWU\� LQ SDUWLFXODU� LV W\SLFDO RI WKH FRUH RI D QXFOHDU SRZHU UHDFWRU� 7KH UHVXOWLQJ

QHWZRUN RI LQWHUFRQQHFWHG VXEFKDQQHOV� IRUPHG EHWZHHQ QHLJKERXULQJ IXHO URGV DQG EH�

WZHHQ WKH SHULSKHUDO IXHO URGV DQG WKH oRZ WXEH� JLYHV ULVH WR D FRPSOH[ WXUEXOHQW oRZ

ZKLFK KDV WR EH ZHOO XQGHUVWRRG DQG PRGHOOHG IRU WKH GHVLJQ RI IXHO URG EXQGOHV ZLWK

KLJK SHUIRUPDQFH KHDW WUDQVIHU FKDUDFWHULVWLFV�

7KH SXUSRVH RI WKLV ZRUN LV WR GHYHORS D VLPSOH DQDO\WLFDO PHWKRG IRU WKH SUHGLFWLRQ

RI IULFWLRQ IDFWRU� I � DQG WKH KHDW WUDQVIHU FRHpFLHQW� &K� IRU WXUEXOHQW oRZV EHWZHHQ URGV

DUUDQJHG LQ KH[DJRQDO RU VTXDUH DUUD\V� 7KH ZRUN SURYLGHV DQ H[WHQVLRQ RI WKH ZRUN RI

/HH������ WR WKH WKHUPDO FDVH� ,Q DGGLWLRQ� WKH FDVHV RI ERWK� oRZ RYHU D VPRRWK VXUIDFH

DQG oRZ RYHU D URXJK VXUIDFH DUH WUHDWHG� %DVLFDOO\� VHYHUDO IRUPV RI WKH ODZ RI WKH ZDOO

DUH LQWHJUDWHG RYHU WKH HQWLUH oRZ DUHD WR \LHOG DQ DOJHEUDLF HTXDWLRQ IRU WKH SUHGLFWLRQ

RI ERWK� I DQG &K� 7KH ODZV RI WKH ZDOO WDNH RQ D FODVVLFDO IRUP EXW PDNH XVH RI WZR

�



HPSLULFDO HTXDWLRQV� RQH IRU WKH ORFDO YDULDWLRQ RI WKH IULFWLRQ YHORFLW\ DQG DQRWKHU IRU

WKH YDULDWLRQ RI WKH IULFWLRQ WHPSHUDWXUH� WR DVVHVV WKH EHKDYLRXU RI WKH oRZ SDUDPHWHUV

DORQJ WKH URG SHULSKHU\�

7KH SUHVHQW PHWKRG ZDV DSSOLHG WR LQnQLWH EDUH URG VTXDUH DQG WULDQJXODU DUUD\V

ZLWK 3 ' �����

%HIRUH PRYLQJ WR WKH DQDO\WLFDO GHYHORSPHQW RI WKH WKHRU\� OHW XV nUVW SUHVHQW D VKRUW

VXUYH\ RI WKH UHODWHG OLWHUDWXUH�

�� 6+257 /,7(5$785( 6859(<

7KH FHQWUDO LPSRUWDQFH RI WKH SUREOHP XQGHU SUHVHQW FRQVLGHUDWLRQ DVVXUHV XV WKDW�

FHUWDLQO\� PDQ\ VWXGLHV LQ WKLV VXEMHFW ZHUH FDUULHG RXW LQ WKH SDVW� +RZHYHU� WKH KRVW

RI JHRPHWULFDO DQG SK\VLFDO SDUDPHWHUV WKDW DUH QHFHVVDU\ WR GHnQH WKH SUREOHP PDNHV LW

YHU\ GLpFXOW IRU DXWKRUV WR FRYHU DOO SRVVLEOH FRQnJXUDWLRQV RI LQWHUHVW�

$ OLWHUDWXUH VXUYH\ VKRZV WKDW WKH nUVW VWXGLHV FRQFHQWUDWHG RQ KH[DJRQDO DUUD\V

GXH WR WKHLU LPSRUWDQFH LQ OLTXLG�PHWDO FRROHG IDVW EUHHGHU UHDFWRUV �/0)%5V�� VHH� IRU

H[DPSOH� 5HKPH������ ������ 7UXSS DQG $]DG������� &DUDMLOHVNRY DQG 7RGUHDV�������

%DUW]LV DQG 7RGUHDV������� )DNRU\ DQG 7RGUHDV������� 0DQ\ DVSHFWV RI WKH SUREOHP ZHUH

WKHQ VWXGLHG� WDNLQJ QRUPDOO\ DV EDVLV HPSLULFDO FRUUHODWLRQ DQG WKH K\GUDXOLF GLDPHWHU�

5HKPH������ FRQGXFWHG LQYHVWLJDWLRQV RQ WKH SUHVVXUH GURS IRU DUUD\V ZLWK URG GLV�

WDQFH UDWLRV RI 3 '  �����^����� DQG 5H\QROGV QXPEHU LQ WKH UDQJH 5H ���^�������

7KHVH PHDVXUHPHQWV ZHUH XVHG LQ D VXEVHTXHQW SDSHU E\ WKH VDPH DXWKRU�5HKPH� �����

ZKHUH D VLPSOH PHWKRG IRU SUHGLFWLRQ RI WKH IULFWLRQ IDFWRU LQ QRQ�FLUFXODU FKDQQHOV ZDV

SURSRVHG� 7KH PHWKRG IXUQLVKHG JRRG UHVXOWV SURYLGHG WKH JHRPHWU\ IDFWRU RI WKH SUHVVXUH

GURS UHODWLRQVKLS IRU ODPLQDU oRZ ZDV NQRZQ�

7KH FODVVLFDO ZRUN RI 7UXSS DQG $]DG������ GLVFXVVHG WKH VWUXFWXUH RI WKH oRZ

WKURXJK D ZLQG WXQQHO VWXG\ RI D IXOO\ WXUEXOHQW oRZ IRU WKUHH WXEH VSDFLQJ �3 '  

���� ���� DQG ���� RYHU WKH 5H\QROGV QXPEHU UDQJH RI �����^������ 0HDVXUHPHQWV ZHUH

PDGH IRU ORFDO ZDOO VKHDU VWUHVVHV� WKH GLVWULEXWLRQ RI PHDQ D[LDO YHORFLW\� 5H\QROGV VWUHVVHV

DQG HGG\ GLmXVLYLWLHV�

7U\LQJ WR GHYHORS D PRUH JHQHUDO DSSURDFK WR WKH SUREOHP� &DUDMLOHVNRY DQG 7R�

GUHDV������ DSSOLHG DQ RQH�HTXDWLRQ VWDWLVWLFDO PRGHO RI WXUEXOHQFH WR DQ LQWHULRU VXE�

FKDQQHO RI D EDUH URG EXQGOH� 7KH YHORFLW\ nHOG ZDV GHWDLOHG GHVFULEHG LGHQWLI\LQJ D[LDO

DQG VHFRQGDU\ oRZV� 7KH ZDOO VKHDU VWUHVV IRU VHYHUDO DVSHFW UDWLRV RI 3 ' ZDV DOVR FRP�

SXWHG� 7KH UHVXOWV ZHUH FRPSDUHG ZLWK WKHLU RZQ H[SHULPHQW� WKH YHORFLW\ GLVWULEXWLRQ�

WXUEXOHQW NLQHWLF HQHUJ\ DQG 5H\QROGV VWUHVVHV ZHUH PHDVXUHG WKURXJK D ODVHU 'RSSOHU

DQHPRPHWHU� :DWHU ZDV WKH ZRUNLQJ oXLG� 7KLV ZRUN ZDV VRRQ IROORZHG E\ D WZR�HTXDWLRQ

DQLVRWURSLF WXUEXOHQFH PRGHOOLQJ RI WKH oRZ �%DUW]LV DQG 7RGUHDV� ������ +HDW WUDQVIHU

SUHGLFWLRQV ZHUH DOVR PDGH LQ WKLV ZRUN WR FRQnUP WKH LPSRUWDQFH RI DQLVRWURSLF YLV�

FRVLW\ LQ WHPSHUDWXUH SUHGLFWLRQV� WKHVH SUHGLFWLRQV� KRZHYHU� ZHUH QRW FRPSDUHG ZLWK

DQ\ H[SHULPHQWDO GDWD� $W QHDUO\ WKH VDPH WLPH� D VHFRQG ZRUN ZDV UHOHDVHG E\ )DNRU\

DQG 7RGUHDV������ ZKLFK PDLQ REMHFWLYH ZDV WR VWXG\ WKH ZDOO VKHDU VWUHVV GLVWULEXWLRQ

DURXQG WKH URG SHULSKHU\� VWDWLF SUHVVXUH GLVWULEXWLRQ� WXUEXOHQFH LQWHQVLW\ DQG WKH IULF�

WLRQ IDFWRU LQ WKH FHQWUDO VXEFKDQQHO IRU 5H\QROGV QXPEHU EHWZHHQ ���� WR ����� ZHUH

DOVR LQYHVWLJDWHG� WKH ZRUNLQJ oXLG ZDV DLU� 7KH UHVXOWV VKRZHG WKDW WKH PD[LPXP ZDOO

VKHDU VWUHVV RFFXUV DW WKH ODUJHVW oRZ DUHD DQG WKDW WKH VWDWLF SUHVVXUH LV QRW XQLIRUP

DURXQG WKH URG SHULSKHU\�

7KHVH VWXGLHV DERXW WKH KH[DJRQDO JHRPHWU\ ZHUH VRRQ IROORZHG E\ RWKHUV ZKHUH

�



DXWKRUV ZHUH FRQFHUQHG ZLWK VTXDUH DUUD\V �VHH 0DUHN HW DO�������� +RRSHU������� +RRSHU

DQG :RRG������� +RRSHU DQG 5HKPH������� 5HQNVL]EXOXW DQG +DGDOOHU�������� ,Q IDFW�

PDQ\ ZRUNV ZHUH DYDLODEOH EHIRUH� +RZHYHU WKHVH FRQFHQWUDWHG PDLQO\ RQ JOREDO UHVXOWV

UHODWHG WR WKH SUHVVXUH GURS DQG WKH WUDQVIHU RI KHDW�

7KH ZRUN RI 0DUHN HW DO������� FRYHUHG UHVXOWV RI SUHVVXUH GURS DQG KHDW WUDQVIHU

RQ WZR URG EXQGOHV ZLWK VPRRWK VXUIDFHV� DOVR SUHVVXUH ORVVHV DW WKH VSDFHUV DQG WKH

FLUFXPIHUHQFLDO WHPSHUDWXUH GLVWULEXWLRQ ZHUH PHDVXUHG�

+RRSHU������ ZDV PDLQO\ FRQFHUQHG ZLWK WKH PHDVXUHPHQW RI PDVV WUDQVIHU EHWZHHQ

DGMDFHQW oRZ VXEFKDQQHOV� 7KH UHVXOWV ZHUH H[SUHVVHG DV JURVV GLmXVLRQ FRHpFLHQWV DF�

FRUGLQJ WR HYHU\ VLPXODWHG JHRPHWU\� 7KH ZRUN DOVR SURYLGHG D GHWDLOHG DFFRXQW RI WKH

PHDQ YHORFLW\ YDULDWLRQ� WKH ZDOO VKHDU VWUHVV YDULDWLRQ DQG WKH VL[ WHUPV RI WKH V\PPHW�

ULFDO 5H\QROGV VWUHVV WHQVRU� 7KH WXUEXOHQW oRZ VWUXFWXUH ZDV VKRZQ WR GHSHQG VWURQJO\

RQ WKH 3 ' UDWLR� ,Q D IROORZ XS SDSHU� +RSSHU DQG :RRG������ XVHG WKH D[LDO PRPHQ�

WXP LQWHJUDO HTXDWLRQ WR VKRZ WKDW WKH VKHDU VWUHVV GLVWULEXWLRQ LV SULPDULO\ GHWHUPLQHG

E\ WKH SUHVVXUH JUDGLHQW DQG WKH VKHDU VWUHVV XY� D UHVXOW WKDW FRQnUPV WKH QHJOLJLEOH

LQoXHQFH RI WKH PHDQ VHFRQGDU\ oRZ RQ oRZ SDUDPHWHUV� ,Q WKH VDPH \HDU� +RRSHU DQG

5HKPH������ VKRZHG WKDW WKH D[LDO DQG D]LPXWKDO WXUEXOHQFH LQWHQVLWLHV LQ WKH URG JDS

UHJLRQ LQFUHDVHG VWURQJO\ ZLWK GHFUHDVLQJ URG VSDFLQJ� 7KH H[LVWHQFH RI IHDWXUHV WKDW

SURPRWH LQWHUVXEFKDQQHO PRPHQWXP DQG KHDW WUDQVIHU UHGXFH WKH D]LPXWKDO YDULDWLRQ RI

ERWK WKH VNLQ�IULFWLRQ FRHpFLHQW DQG WKH KHDW WUDQVIHU�

7KH GLVWULEXWLRQ RI ZDOO VKHDU VWUHVV� PHDQ D[LDO YHORFLWLHV DQG WXUEXOHQFH LQWHQVLWLHV

IRU WKH 5H\QROGV QXPEHU ������ ZHUH PHDVXUHG E\ 5HQNVL]EXOXW DQG +DGDOOHU������

WKURXJK WKH ODVHU 'RSSOHU DQHPRPHWU\ DQG FDOLEUDWHG 3UHVWRQ WXEHV�

:H FRQFOXGH WKLV VHFWLRQ SRLQWLQJ RXW WR WKH UHDGHU WKDW DOO PHQWLRQHG ZRUNV� QR

PDWWHU KRZ FRPSOHWH WKH\ DUH� KDG WR VHWWOH IRU D SDUWLFXODU JHRPHWU\ ZKHQ SHUIRUPLQJ

WKH PHDVXUHPHQWV RU FRPSXWDWLRQV� %HFDXVH RI WKLV� WKH SURSRVLWLRQ RI JHQHUDO UHVXOWV IRU

oRZV ZLWK VXFK D GHJUHH RI FRPSOH[LW\ KDV DOZD\V EHHQ D SUREOHP� ,Q WKH QH[W VHFWLRQ

ZH ZLOO H[WHQG WKH SURFHGXUH RI /HH������ WR WKH WKHUPDO nHOG DQG WR WKH FDVH RI D URXJK

VXUIDFH \LHOGLQJ D SURFHGXUH ZKLFK� GHVSLWH LWV VLPSOLFLW\� FRYHUV PRVW VLWXDWLRQV RI LQWHUHVW

DV IDU DV WKH GHVLJQ RI QXFOHDU UHDFWRUV LV FRQFHUQHG�

�� 7+(25<

$V YDVWO\ NQRZQ� WKH ODZ RI WKH ZDOO SURYLGHV D XVHIXO ZD\ WR GHVFULEH WKH QHDU ZDOO

YHORFLW\ DQG WHPSHUDWXUH SURnOHV� 7KH VLPSOLFLW\ RI WKH ODZ RI WKH ZDOO IRUPXODWLRQ� DOOLHG

WR LWV UREXVWQHVV� KDV GHFLVLYHO\ FRQWULEXWHG WR PDNH LWV XVH YHU\ SRSXODU RYHU WKH \HDUV�

7KH ODZ RI WKH ZDOO� DV ZULWWHQ E\ PRVW DXWKRUV� DVVXPHV WKH IRUP
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ZKHUH� �  ��� DQG %  ��� DUH XQLYHUVDO FRQVWDQWV�

7KLV H[SUHVVLRQ LV H[SHFWHG WR KROG IRU WZR�GLPHQVLRQDO� LQFRPSUHVVLEOH� DWWDFKHG oRZ

RYHU D VPRRWK VXUIDFH�

2I FRXUVH� PDQ\ VSHFLDOLVDWLRQV RI WKH ODZ RI WKH ZDOO KDYH EHHQ SURSRVHG LQ OLWHUDWXUH

WR DFFRXQW IRU VXFK GLYHUVH HmHFWV DV VXUIDFH URXJKQHVV� WUDQVSLUDWLRQ� SUHVVXUH JUDGLHQWV�

WKUHH�GLPHQVLRQDOLW\� FRPSUHVVLELOLW\ DQG VKRFN�ZDYH LQWHUDFWLRQ� DPRQJ PDQ\ RWKHUV� ,Q

IDFW� ZH FRXOG VSHQG D ORQJ WLPH KHUH UHYLHZLQJ DOO DVSHFWV UHODWHG WR GLmHUHQW VSHFLnF
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SUREOHPV DQG WKHLU LPSOLFDWLRQ RQ WKH ODZ RI WKH ZDOO� +RZHYHU� VLQFH WKH PDMRU FRQFHUQ

RI RXU ZRUN LV ZLWK oRZV RYHU URXJK VXUIDFHV� ZH ZLOO UHIUDLQ RXUVHOYHV E\ MXVW LQWURGXFLQJ

WKH IRUPXODWLRQ RI &ODXVHU������ IRU SLSH oRZ� IRU WKH DYHUDJH URXJKQHVV KHLJKW GHQRWHG

E\ N
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c%VDQG JUDLQV  
�

�

OQ �� � ���N��� ���

7KUHH URXJKQHVV UHJLPHV FDQ EH GHnQHG E\ XVLQJ RI N�  NX~ y� L�H� K\GUDXOLFDOO\

VPRRWK ZDOO IRU N� � �� WUDQVLWLRQDO�URXJKQHVV UHJLPH IRU � � N
�
� ��� DQG IXOO\ URXJK

oRZ N
�
! ��� ,Q WKH ODVW FDVH� WKH &ODXVHU
V ODZ RI ZDOO� (T� ��� DQG ��� UHGXFHV WR WKDW

SURSRVHG E\ 1LNXUDGVH�������

,QYHVWLJDWLQJ WKH oRZ LQ VDQG�URXJKHQHG SLSHV� 1LNXUDGVH������ HVWDEOLVKHG WKDW�

DW KLJK 5H\QROGV QXPEHU� WKH QHDU ZDOO oRZ EHFRPHV LQGHSHQGHQW RI YLVFRVLW\� EHLQJ D

IXQFWLRQ RI WKH URXJKQHVV VFDOH� RI WKH SLSH GLDPHWHU DQG RI 5H\QROGV QXPEHU� +H DOVR

IRXQG WKDW� IRU WKH GHIHFW OD\HU� WKH XQLYHUVDO ODZV DSSO\ WR WKH EXON RI WKH oRZ LUUHVSHFWLYH

RI WKH FRQGLWLRQV DW WKH ZDOO� 7KH URXJKQHVV HmHFWV DUH� WKHUHIRUH� UHVWULFWHG WR D WKLQ

ZDOO OD\HU�

+DYLQJ VDLG WKDW� ZH PXVW QRZ DFNQRZOHGJH WKDW LW LV H[WUHPHO\ GLpFXOW WR SURSRVH

XQLYHUVDO UHODWLRQV IRU WKH YHORFLW\ nHOG RZLQJ WR WKH ODUJH QXPEHU RI SDUDPHWHUV QHFHVVDU\

WR FKDUDFWHULVH WKH URXJKQHVV� $JDLQ� ZH FRQVLGHU WKLV QRW WR EH WKH SODFH IRU D ORQJ

GLVFXVVLRQ RQ WKHRULHV DERXW WXUEXOHQW oRZ RYHU URXJK VXUIDFHV VR WKDW WKH GHYHORSPHQWV

ZLOO EH NHSW WR D EDVLF VWDQGDUG�

%DVLFDOO\� 1LNXUDGVH VKRZHG WKDW WKH ODZ RI WKH ZDOO FDQ EH UH�ZULWWHQ LQ WHUPV RI D

OHQJWK VFDOH FKDUDFWHULVWLF RI WKH URXJKQHVV�
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ZKHUH� NV GHQRWHV WKLV OHQJWK DQG & DVVXPHV GLmHUHQW YDOXHV GHSHQGLQJ RQ WKH W\SH RI

URXJK VXUIDFH�

7KH ODZ RI IULFWLRQ LQ SLSHV FDQ QRZ EH GHGXFWHG FRQVLGHULQJ WKDW WKH ODZ RI WKH ZDOO

DSSOLHV RYHU WKH HQWLUH SLSH UDGLXV� ,QWHJUDWLRQ RI WKH FODVVLFDO ODZ RI WKH ZDOO� (T� ���

UHVXOWV LQ

r �
I

s� �
 
�

�

OQ
K
5H

r�
I

s� �L
�%

�
� ���

ZKHUH I GHQRWHV WKH IULFWLRQ FRHpFLHQW� 5H WKH 5H\QROGV QXPEHU EDVHG RQ WKH SLSH

GLDPHWHU DQG %
� �����

)RU WKH W\SLFDO JHRPHWU\ RI DQ LQnQLWH URG EXQGOH ZLWK DQ LQnQLW\ QXPEHU RI URGV WKH

PHDQ YHORFLW\ FDQ HYDOXDWHG WKURXJK WKH LQWHJUDWLRQ
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GHQRWHV WKH FKDQQHO DUHD ZKHUH oRZ V\PPHWU\ LV VXSSRVHG WR KROG� 3 GHQRWHV WKH FHQ�
WHUOLQH GLVWDQFH EHWZHHQ WKH URGV� WKH SLWFK� DQG 5 WKH UDGLXV RI WKH URGV� 7KH GLVWDQFH
\ LV WDNHQ IURP WKH SHULSKHU\ RI WKH URGV RXW LQ UDGLDO GLUHFWLRQ� WKH DQJOH tPD[ PHDVXUHG
LQ UDGLDQV GHnQHV WKH W\SH RI V\PPHWU\ FRQVLGHUHG� ZKHWKHU D WULDQJXODU RU VTXDUH DUUD\�

,I ZH QRZ FRQVLGHU WKDW WKH ODZ RI WKH ZDOO DSSOLHV WR DOO WKH oRZ UHJLRQ� (TV� ��� RU
��� FRXOG EH VXEVWLWXWHG LQWR (T� ��� WR nQG WKH IULFWLRQ IDFWRU HTXDWLRQ� +RZHYHU� ZH
KDYH VHHQ LQ WKH SUHYLRXV VHFWLRQ WKDW WKH ZDOO VKHDU VWUHVV YDULHV DORQJ WKH URG SHULSKHU\�
DQG� EHFDXVH RI WKLV� WKH LQWHJUDWLRQ FDQQRW EH SHUIRUPHG XQOHVV WKLV DQJXODU YDULDWLRQ
LV nUVW PRGHOOHG� 7KH FRPPRQ DVVXPSWLRQ LQ WKLV FDVH LV WR WDNH X~  ) �t�X~ � 7KHQ�
DSSHDOLQJ WR WKH GDWD RI 7UXSS DQG $]DG������ DQG RI )DNRU\ DQG 7RGUHDV������ IRU
WKH KH[DJRQDO DUUD\ DQG RI +RRSHU������ DQG RI 5HQNVL]EXOXW DQG +DGDOOHU������ IRU WKH
VTXDUH DUUD\� LW LV SRVVLEOH WR ZULWH
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ZKHUH WKH FRQVWDQWV D DQG E PXVW EH GHWHUPLQHG WKURXJK D GDWD nWWLQJ� WKH UHVXOWLQJ
YDOXHV DUH VKRZQ LQ 7DEOH ��

7DEHOD �� &RQVWDQWV D DQG E�

+H[DJRQDO DUUD\
3 ' ���� ���� ����
D ���� ���� ����
E ���� ���� ����

6TXDUH DUUD\
3 ' ���� ���� ����
D ���� ���� ����
E ���� ���� ����

7KH VXEVWLWXWLRQ RI (TV� ��� DQG ��� LQWR (T� ��� UHVXOWV LQ
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7KLV HTXDWLRQ LV QRW QHZ� KDYLQJ EHHQ SUHVHQWHG HDUOLHU LQ /HH
V SDSHU� LW GHnQHV DQ
DOJHEUDLF WUDQVFHQGHQWDO IXQFWLRQ WKDW FDQ EH VROYHG WR JLYH YDOXHV RI X~ � 7KH IULFWLRQ
IDFWRU WKHQ IROORZV LPPHGLDWHO\�

6SHFLDOLVDWLRQ RI WKH DERYH HTXDWLRQ WR URXJK VXUIDFHV LV TXLWH VLPSOH FRQVLVWLQJ EDVL�
FDOO\ LQ LQWHJUDWLQJ (T� ��� LQVWHDG RI (T� ���� $V PHQWLRQHG HDUOLHU� (T� ��� LV LQFOXGHG
LQ (T� ���� 7KH SURFHGXUH LV TXLWH VWUDLJKWIRUZDUG DQG IRU WKLV UHDVRQ ZLOO QRW EH UHSHDWHG
KHUH�

$OO WKH DERYH LGHDV FDQ EH DSSOLHG WR WKH WHPSHUDWXUH nHOG� SURYLGHG WKH WKHUPDO ODZ
RI WKH ZDOO LV FRQVLGHUHG WRJHWKHU ZLWK WKH FRQFHSW RI EXON WHPSHUDWXUH�

7KH WKHUPDO ODZ RI WKH ZDOO IRU oRZ RYHU D VPRRWK VXUIDFH FDQ EH ZULWWHQ DV
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ZKHUH� W~ LV WKH IULFWLRQ WHPSHUDWXUH� 7Z LV WKH ZDOO WHPSHUDWXUH� �W � ������ DQG %W LV D
IXQFWLRQ RI WKH 3UDQGWO QXPEHU� 3U
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7KH EXON WHPSHUDWXUH RI WKH oRZ LV GHnQHG E\
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6LPLODUO\ WR WKH ZDOO VKHDU VWUHVV EHKDYLRXU� ZH H[SHFW WKH ZDOO KHDW WUDQVIHU FRHpFLHQW
WR YDU\ DORQJ WKH URG SHULSKHU\� 7KXV� LI VRPHKRZ WKLV YDULDWLRQ FDQ EH DFFRXQWHG IRU�
WKHQ (TV� ���� DQG ���� FDQ EH XVHG WR JLYH SUHGLFWLRQV RI WKH KHDW WUDQVIHU FRHpFLHQW�

+HUH� LQYRNLQJ WKH H[LVWLQJ VLPLODULW\ EHWZHHQ WKH WUDQVSRUW PHFKDQLVPV LQ WKH YH�
ORFLW\ DQG WHPSHUDWXUH nHOGV IRU WXUEXOHQW oRZV ZH PDNH
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ZKHUH WKH IROORZLQJ GHnQLWLRQV KDYH EHHQ XVHG
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7KH (TXDWLRQ ���� FDQ QRZ EH H[SOLFLWO\ HYDOXDWHG VROYHG WR REWDLQ WKH KHDW WUDQVIHU
FRHpFLHQW &K� X~ W~ X W�� RQFH WKH IULFWLRQ YHORFLW\ X~ LV REWDLQHG IURP WKH VROXWLRQ RI
(T� �����

7KH DERYH UHVXOWV FDQ LPPHGLDWHO\ EH H[WHQGHG WR URXJK VXUIDFHV RQO\ LI WKH IRUPV RI
(T� ���� LV FKDQJHG WR (TV� ����

�� 5(68/76

7KH WUDQVFHQGHQWDO (TXDWLRQ ���� LV VROYHG WR REWDLQ WKH IULFWLRQ IDFWRU� I � DV D IXQF�
WLRQ RI WKH 5H\QROGV QXPEHU� 5H� |X'H x�� WKH SLWFK�WR�GLDPHWHU UDWLR 3 '� DQG WKH
DYHUDJH URXJKQHVV KHLJKW N '� ZKHUH 'H LV WKH K\GUDXOLF GLDPHWHU RI WKH VXEFKDQQHO
SDVVDJH� $ W\SLFDO UHVXOW LV VKRZQ LQ )LJ� �� :H FDQ REVHUYH WKDW WKH VXUIDFH URXJK�
QHVV LQFUHDVHV FRQVLGHUDEO\ WKH IULFWLRQ IDFWRU� )RU WKH URXJKQHVV KHLJKWV FRQVLGHUHG�
N '  ������ ������ ������ N� KDV WKH YDOXH RI ��� ���� DQG ���� UDQJHG IURP WUDQVLWLRQDO
URXJKQHVV WR IXOO\ URXJK UHJLPH� $ W\SLFDO UHVXOW RI KHDW WUDQVIHU FRHpFLHQW� &K� REWDLQHG
IURP (T� ����� LV VKRZQ LQ )LJ� �� :H VHH WKDW VXUIDFH URXJKQHVV HQKDQFHV WKH WXUEXOHQW
KHDW LQ URG EXQGOH� EXW OHVV LQ SHUFHQWDJH ZKHQ FRPSDUHG ZLWK WKH LQFUHDVH LQ IULFWLRQ
IDFWRU� ,Q )LJ�� ZH VKRZQ WKH UDWLR RI WKH KHDW WUDQVIHU FRHpFLHQW WR WKDW RI D VPRRWK
FLUFXODU SLSH� &KV� IRU D VTXDUH DUUD\ RI URG EXQGOH� :H FDQ QRWLFH WKDW IRU D VDPH VXUIDFH
URXJKQHVV� WKH KHDW WUDQVIHU HQKDQFHPHQW YDULHV ZLWK 3 ' DQG LQFUHDVHV ZLWK LQFUHDVHG
5H\QROGV QXPEHU� ,Q )LJ��� ZH FDQ YHULI\ WKH GHSDUWXUH RI 5H\QROGV DQDORJ\ �&K  I ��
ZLWK YDULRXV VXUIDFH URXJKQHVV� :LWK VPRRWK VXUIDFH� WKH 5H\QROGV DQDORJ\ LV VHHQ WR EH
PDLQWDLQHG� ZKLOH IRU IXOO\ URXJK VXUIDFH� N '  ������ &K LV QHDUO\ KDOI RI I �� )URP DQ
HQJLQHHULQJ SRLQW RI YLHZ� LW ZRXOG EH LQWHUHVWLQJ XQGHU VRPH FLUFXPVWDQFH WR DGRSW URG
EXQGOH KHDW H[FKDQJHU ZLWK URXJK VXUIDFH LI LW LV ZRUWK\ WR SD\ WKH RYHUKHDG LQ SUHVVXUH
GURS�

�� &21&/86,21

7KH SUHVHQW ZRUN KDV VKRZQ KRZ WKH PHWKRG RI /HH������ FDQ HDVLO\ EH H[WHQGHG WR
WKH SUHGLFWLRQ RI WXUEXOHQW oRZV RYHU URXJK VXUIDFHV� 7KH ZRUN KDV DOVR VKRZQ KRZ DOO
GHYHORSPHQWV FDQ EH DSSOLHG WR WKH WHPSHUDWXUH nHOG� SURYLGLQJ D XVHIXO UHODWLRQ IRU WKH
SUHGLFWLRQ RI WKH KHDW WUDQVIHU FRHpFLHQW� 7KLV HTXDWLRQ� (T� ����� KDV EHHQ SURSRVHG
KHUH
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)LJ�� )ULFWLRQ IDFWRU IRU DQ KH[DJRQDO DUUD\� 3 '  ����

)LJ�� +HDW WUDQVIHU FRHpFLHQW IRU DQ KH[DJRQDO DUUD\� 3 '  ���� DQG 3U  ���
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)LJ�� ,QoXHQFH RI SLWFK�WR�GLDPHWHU UDWLR DQG 5H\QROGV QXPEHU LQ KHDW WUDQVIHU FRHpFLHQW
6TXDUH DUUD\� N '  ����� DQG 3U  ���

)LJ�� 'HSDUWXUH IURP 5H\QROGV DQDORJ\
+H[DJRQDO DUUD\� 3 '  ���� DQG 3U  ���
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IRU WKH nUVW WLPH� 1XPHULFDO FRPSXWDWLRQV IRU VHYHUDO oRZ JHRPHWULHV KDYH VKRZQ WKDW
WKH WKHRU\ LV SODXVLEOH� FRQVWLWXWLQJ D VHUYLFHDEOH HQJLQHHULQJ WRRO�

$FNQRZOHGJHPHQWV

$36) DFNQRZOHGJHV WKH %UD]LOLDQ 1DWLRQDO 5HVHDUFK &RXQFLO ^ &13T ^ E\ WKH nQDQ�
FLDO VXSSRUW WKURXJK JUDQW 1R ������������

5()(5(1&(6

%DUW]LV� -� *� 	 7RGUHDV� 1� (������� 7XUEXOHQFH PRGHOOLQJ RI D[LDO oRZ LQ D EDUH URG
EXQGOH� -� +HDW 7UDQVIHU� YRO� ���� SS� ��������

&DUDMLOHVNRY� 3� 	 7RGUHDV� 1� (������� ([SHULPHQWDO DQG DQDO\WLFDO VWXG\ RI D[LDO WXU�
EXOHQW oRZV LQ DQ LQWHULRU VXEFKDQQHO RI D EDUH URG EXQGOH� -� +HDW 7UDQVIHU� YRO�
��� SS� ��������

&ODXVHU� )�+�� ����� 7KH WXUEXOHQW ERXQGDU\ OD\HU� $GY� $SSOLHG 0HFK�� YRO��� SS� �^���

)DNRU\� 0� 	 7RGUHDV� 1� (������� ([SHULPHQWDO LQYHVWLJDWLRQ RI oRZ UHVLVWDQFH DQG ZDOO
VKHDU VWUHVV LQ WKH LQWHULRU VXEFKDQQHO RI D WULDQJXODU DUUD\ RI SDUDOOHO URGV� -� )OXLGV
(QJLQHHULQJ� YRO� ���� SS� ��������

+RRSHU� -� '�� ����� 'HYHORSHG VLQJOH SKDVH WXUEXOHQW oRZ WKURXJK D VTXDUH�SLWFK URG
FOXVWHU� 1XFOHDU (QJLQHHULQJ DQG 'HVLJQ� YRO� ��� SS� ��������

+RRSHU� -� '� 	 5HKPH� .�� ����� /DUJH�VFDOH VWUXFWXUDO HmHFWV LQ GHYHORSHG WXUEXOHQW
oRZ WKURXJK FORVHO\�VSDFHG URG DUUD\V� -� )OXLG 0HFKDQLFV� YRO� ���� SS� ��������

+RRSHU� -� '� 	 :RRG� '� +�� ����� )XOO\ GHYHORSHG URG EXQGOH oRZ RYHU D ODUJH UDQJH
RI 5H\QROGV QXPEHU� 1XFOHDU (QJLQHHULQJ DQG 'HVLJQ� YRO� ��� SS� ������

/HH� .� %�� ����� $QDO\WLFDO SUHGLFWLRQ RI VXEFKDQQHO IULFWLRQ IDFWRU IRU LQnQLWH EDUH URG
VTXDUH DQG WULDQJXODU DUUD\V RI ORZ SLWFK WR GLDPHWHU UDWLR LQ WXUEXOHQW oRZ� 1XFOHDU
(QJLQHHULQJ DQG 'HVLJQ� YRO� ���� SS� ��������

0DUHN� -�� 0DXEDFK� .� 	 5HKPH� .�� ����� +HDW WUDQVIHU DQG SUHVVXUH GURS SHUIRUPDQFH
RI URG EXQGOHV DUUDQJHG LQ VTXDUH DUUD\V� ,QW� -� +HDW 7UDQVIHU� YRO� ��� SS� ����������

1LNXUDGVH� -�� ����� 6WURPXQJVJHVHW]H LQ 5DXKHQ 5RKUHQ� 9� '� ,� )RUVKXQJVKHIW 1R ����

5HKPH� .�� ����� 3UHVVXUH GURS SHUIRUPDQFH RI URG EXQGOHV LQ KH[DJRQDO DUUDQJHPHQWV�

,QW� -� +HDW 7UDQVIHU� YRO� ��� SS� ����������

5HKPH� .�� ����� 6LPSOH PHWKRG RI SUHGLFWLQJ IULFWLRQ IDFWRUV RI WXUEXOHQW oRZ LQ D

QRQ�FLUFXODU FKDQQHO� ,QW� -� +HDW 7UDQVIHU� YRO� ��� SS� ��������

5HQNVL]EXOXW� 0� 	 +DGDOOHU� *� ,�� ����� $Q H[SHULPHQWDO VWXG\ RI WXUEXOHQW oRZ WKURXJK

D VTXDUH�DUUD\ URG EXQGOH� 1XFOHDU (QJLQHHULQJ DQG 'HVLJQ� YRO� ��� SS� ������

7UXSS� $� &� 	 $]DG� 5� 6�� ����� 7KH VWUXFWXUH RI WXUEXOHQW oRZ LQ WULDQJXODU DUUD\ URG

EXQGOHV� 1XFOHDU (QJLQHHULQJ DQG 'HVLJQ� YRO� ��� SS� ������
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